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To facilitate the screening for clones of transfected packaging cells producing a high yield of recombinant
retrovirus, we present a fast and simple method for the isolation of overexpressing cells. By this method the
efficiency of virus production can generally be enhanced 10- to 100-fold by application of high selection
pressure. Cell lines which exhibit titers of up to 108 CFU/ml were obtained.

Gene transfer via retroviral infection is an efficient method
for the introduction of foreign genes into a broad range of cell
lines. Viral stocks are obtained by transfection of packaging
cell lines (3, 4, 8, 9, 11-13). Stably transfected packaging cells
vary widely with respect to virus formation. Therefore, time-
consuming subcloning and screening steps are necessary to
obtain high-titer cell clones.
We demonstrate a simple and rapid procedure to screen for

viral packaging cells producing elevated levels of virus. The
procedure is based on the selection of overexpressing cells
from a population of cells expressing the transferred retroviral
vector. Cells expressing elevated levels of cotransferred DNA
encoding a selective marker(s) and the gene of interest (ret-
roviral vector) can survive the application of high selection
pressure. In order to avoid upon increased drug concentrations
the appearance of resistant clones which are not due to the
expression of selective markers, a simultaneous screening for
expression of a second selective gene is applied. The concerted
application of high selection pressure onto one resistance gene
(high-level selective marker) and fundamental selection for the
second resistance gene (basal-level selective marker) give rise
to a relatively low number of transfectants. Cell clones derived
from such a selection express 5- to 20-fold more of a cotrans-
ferred gene than do cell clones from a usual selection proce-
dure. This is due to elevated copy numbers of the transferred
genes as well as integration into transcriptionally active loci.
Previously, we have applied this principle to screen for cells
overexpressing secreted proteins from transfected genes (19).
The application of the combined selection procedure to the

screening of transfected packaging cells leads to stable cell
clones exhibiting high-level production of recombinant retro-
virus. To demonstrate this, we determined virus production
from pM5ATIII in T2 cells after cotransfer with pSV2pac and
combined selection. pSV2pac contains the puromycin resis-
tance gene (18) (Fig. 1A). pM5ATIII contains the neomycin
resistance gene from Tn5 and the cDNA gene of human
antithrombin III (20). Three flasks with 3 x 105 T2 cells were
cotransfected with 5 ,ug of the retroviral construct and 0.5 ,ug
each of pSV2pac and carrier DNA. Two days after transfec-
tion, selection was applied by addition of 1 mg of G418 per ml
alone or together with different concentrations of puromycin.
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Cells (3 x 105) of pools of resistant cell clones from each
selection were seeded into T25 flasks. Fresh culture medium (3
ml) was added 1 day later, and cells were kept for a 24-h
production period, after which a density of 70% confluency
was reached. After removal of the supernatant, cells were
counted. NIH 3T3 cells (1.5 x 103/cm2) were infected with
filtered (0.4-,um pore size), diluted supernatants supplemented
with 8 jLg of Polybrene per ml. Medium was changed 1 day
later, and then selective medium was added 2 days after
infection (1 mg of G418 per ml). The data in Fig. 1B show that
simultaneous selection versus single selection indeed results in
15-fold-increased virus production from a diminished cell
population.

Theoretically, the strength of virus production from cells
resistant to the combined selection should be due to an
increased steady-state level of the specific mRNA. Poly(A)+
RNA from transfected packaging cells surviving different
selection pressures was analyzed with Northern (RNA) blots
(Fig. IC). Steady-state levels of the unspliced RNA parallel
virus production (Fig. 1) and the amount of secreted anti-
thrombin III (data not shown) from transfected packaging
cells.
Replacement of the neomycin resistance gene by the puro-

mycin resistance gene in retroviral vectors is advantageous for
two reasons. First, the neomycin gene sequence silences adja-
cent promoters (1). Second, in this type of vector the produc-
tion of genomic viral RNA should be directly coupled to the
expression of the drug resistance gene. Therefore, those trans-
fectants exhibiting elevated resistance to high concentrations
of the corresponding selective drug should release higher levels
of recombinant retrovirus. Experimental results with this type
of vector are shown in Fig. 2. In pM6pac the puromycin
resistance gene is controlled by the long terminal repeat (LTR)
(Fig. 2A). A 30-fold increase (relative to results obtained with
single selection) of virus production was determined when a
combined selection for a cotransfected neomycin resistance
gene was used. Single selection with increasing puromycin
concentrations does not give rise to a high virus titer (Fig. 2B).
Up to a 100-fold increase of virus production can be obtained
after insertion of a reporter gene (cat) transcribed from the
internal simian virus 40 early promoter (Fig. 2C and D). A
similar type of retrovirus vector in which the puromycin
resistance gene is under the control of an internal promoter
was constructed by Morgenstern and Land (13) (Fig. 2E).
Packaging efficiency is increased because of the presence of a
part of the gag region in the vector. Figure 2F shows that the
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FIG. 1. Combined selection of T2 cells transfected with pM5ATIII. (A) Schematic representation of the proviral form of the retrovirus vector

pM5ATIII. The 1.4-kb human antithrombin III cDNA was inserted into the single BarmHI restriction site of pM5neo (6). Symbols and
abbreviations: LTR, LTR of the myeloproliferative sarcoma virus; neo, neomycin resistance gene from Tn5; ATIII, antithrombin III; broken line,
host genomic DNA; line between 5' LTR and first gene, T packaging signal. The lines below represent the expected full-length and spliced mRNAs
(middle and bottom, respectively). (B) Virus production and transformation efficiency upon combined selection of P2 cells. P2 cells were

cotransfected with pM5ATIII and pSV2pac. Selection was performed with G418 alone or with G418 and different concentrations of puromycin.
Viral titers were determined in a G418 CFU test on NIH 3T3 cells as described in the text. The results from a typical experiment are shown.
Symbols: open bars, number of transfectants; hatched bars, viral titer. (C) Northern blot analysis of poly(A)+ RNA from transfected P2 packaging
cells. Poly(A)+ RNA (5 1Lg) was electrophoresed, blotted, and hybridized to 329P-labeled antithrombin III cDNA. Rehybridization of the blot was

performed with 32P-labeled rat ,B-actin DNA to confirm equal amounts of RNA (data not shown). Arrows: 28S (upper) and 18S (lower) RNA from
T2 cells. RNA was from cells derived from selection with I mg of G418 (weight of powder) per ml (lane 1), combined selection with I mg of G418
per ml and 2 p.g of puromycin per ml (lane 2), or 1 mg of G418 per ml and 5 ,ug of puromycin per ml (lane 3).

application of the combined selection results in cells with viral
titers of up to 108 CFU/ml.

In several studies replication-competent retroviruses from
transfected T2 cells were detected (e.g., see references 7, 10,
and 15). The high virus titer achieved by the combined
selection protocol could be due to the creation of such
replication-competent retroviruses. We have investigated this
possibility by testing supernatants from stably transfected T2
cells after single and combined selection using the XC assay

(14) and a marker rescue assay (3). NIH 3T3 cells stably
transfected with pMLVDHFR*5 (17) were used as a positive
control for both assays. pMLVDHFR*5 carries the murine
leukemia virus provirus and a dihydrofolate reductase gene
within the 3' LTR. Supernatants from these cells induce 3 x
10i' focus-forming units/ml in the XC assay and transfer the
HisD phenotype in the marker rescue assay (Table 1). Super-
natants from 'P2 cells transfected with the retroviral vectors
pM6pac and pBabepuro as shown in Fig. 2A and E were

subjected to both assays. In the XC assay no replication-
competent viruses could be detected. However, the HisD
marker was mobilized with supernatants from T2 helper cells
producing high titers of the recombinant pM6pac retrovirus
(Table 1). On the other hand, high-virus-titer supernatants
from helper cells derived by combined selection with pBabe-
puro do not give rise to a marker rescue. Reverse transcriptase
(RT) activity in the supernatants from infected 116 cells
(mobilizing cells) was determined and found to correlate with
the mobilization of the infected viruses. The data indicate that
the creation of replication-competent viruses in 'P2 helper cells

is dependent on the retroviral construct. The high-titer virus
batch achieved with the combined selection procedure for
pBabepuro is free of such viruses. Therefore, the combined
selection procedure per se selects only for highly virus-produc-
ing cells. The procedure does not induce the creation of
replication-competent viruses, nor is the high titer that is
achieved due to such contaminating viruses.

According to our experience with the combined selection
protocol for many (packaging) cell lines, we presume that the
procedure yields a mixture of subclones exhibiting high virus
titer irrespective of retroviral vector or packaging cell line,
provided that the packaging functions are sufficiently ex-

pressed. To achieve maximum results, we suggest determining
the optimal concentration of selective drug for each given cell
line and vector.
The lack of simple procedures for the screening of retroviral

packaging cell clones stimulated the development of alterna-
tive methods to overcome the elaborative subcloning and
testing of cells. Strair and coworkers showed that high-titer
virus producers can be isolated from a population of T2
transfectants by fluorescence-activated cell sorting based on

the presence of cell surface antigens from the recombinant
retroviruses as coexpression markers (16). By the recently
developed ping-pong amplification method, a 2- to 10-fold
relative increase in titer was reported with absolute values of
up to at least 10' CFU/ml (the initially reported 10"' CFU/ml
could not be confirmed). The method implies alternating
infection by the recombinant virus derived from cocultivation
of two packaging cell lines, one expressing ecotropic and the
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other expressing amphotropic env genes (2, 5, 7). However,
extensive virus recombinations which decrease the application
of the method for a number of purposes, e.g., human gene
therapy, have been observed in the use of several packaging
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FIG. 2. Combined selection of T2 cells transfected with retroviral
vectors encoding a puromycin resistance gene. (A) Schematic repre-
sentation of the proviral form of pM6pac. pM6pac is a derivative of
pM5neo in which the neomycin resistance gene and all gag sequences
are replaced by a puromycin resistance gene (pac). The open boxes
depict the myeloproliferative sarcoma virus LTR and the pac gene as
indicated. The pac gene is transcriptionally controlled by the LTRs.
The black box represents the simian virus 40 early promoter, and the
broken line shows the host genomic DNA. (B, D, and F) Virus
production and transfection efficiency upon combined selection of P2
cells. The results were obtained as described in the legend to Fig. IB,
except that pSV2pac was replaced by a neomycin expression plasmid
and the virus titer was determined in a puromycin CFU test on NIH
3T3 cells. Results from typical experiments are shown. (C) Schematic
representation of pM5pacat as a provirus. Symbols are as described for
panel A. The cat gene was inserted into the polylinker of pM5pac
downstream of the simian virus 40 early promoter. (E) Schematic
representation of pBabepuro as a provirus. For a detailed description
of the vector, see the report of Morgenstern and Land (13). LTR,
murine leukemia virus LTR; black box, simian virus 40 early enhancer-
promoter; extended line between LTR and the black box in pBabe-
puro, packaging-promoting gag sequence.

cell line-vector combinations. We think, however, that the
presented screening procedure for packaging cells is a simple,
fast, and inexpensive alternative to obtain high-titer-virus
producers.

TABLE 1. Determination of replication-competent retroviruses from transfected T2 cells

Selection" with:
Virus titer" XC titerf Marker rescued RTVector G418 Puromycin (CFU/ml) (PFU/ml) (mobility assay) activity'

(mg/ml) (GLg/ml)
pM6pac 1 0 2 x 104 <2 ND

1 5 1X106 <2 + +
pBabepuro 1 0 9 x 105 <2 ND

1 10 9 x 107 <2
pMLVDHFR*5 0 0 1 x 105* 3 x 106 + +

" Virus-producing cells were obtained by transfection of T2 cells with the indicated vectors and subsequent selection with the indicated selective drugs as detailed
in the figure legends (for pM6pac and pBabepuro). For pMLVDHFR*5, 5 ,ug of methotrexate per ml was used for selection.

"'Virus production was measured by titration of the cell supernatants from vector transfectants on NIH 3T3 cells as puromycin- and methotrexate (*)-resistant cell
clones.

'*Formation of replication-competent retroviruses was measured as described by Rowe et al. (14) 2 weeks after virus titration.
"Supernatants of stably transfected T2 cell lines were taken for infection of 116 cells (3). Five days after infection the supernatants from 116 cells were tested for

their ability to transfer the HisD phenotype to NIH 3T3 cells. Resistant NIH 3T3 clones were selected in 10 mM histidinol. +, selection of resistant cell clones (between
20 and 200); -, no clones detectable.

' RT activity from 116 cells 5 days after treatment with respective T2 supernatants. +, RT activity; -, no RT activity; ND, not done.
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